electrode materials which undergo anion insertion are a void in the materials innovation landscape and a missing link to energy efficient electrochemical desalination. In recent years layered hydroxides (LHs) have been studied for a range of electrochemical applications, but to date have not been considered as electrode materials for anion insertion electrochemistry. Here, we show reversible anion insertion in a LH for the first time using Co and Co-V layer hydroxides. By pairing in situ synchrotron and quartz crystal microbalance measurements with a computational unified electrochemical band-diagram description, we reveal a previously undescribed anion-insertion mechanism occurring in Co and Co-V LHs. This proof of concept study demonstrates reversible electrochemical anion insertion in LHs without significant material optimization. these results coupled with our foundational understanding of anion insertion electrochemistry establishes LHs as a materials platform for anion insertion electrochemistry with the potential for future application to electrochemical desalination.
. Capacitive deionization (CDI) is an emerging electrochemical desalination technology which shows promise to fulfill this need, but currently out-performs reverse osmosis only for low salinity feed waters (<3 g/L) 2 , limited largely by the performance of existing electrode materials. Recent advances have improved upon conventional carbon electrodes commonly used in these devices by employing faradaic reactions and pairing a cation insertion electrode with an anion insertion electrode to enhance CDI capacity and efficiency 3, 4 . High rate cation insertion materials derived from battery and supercapacitor technology which are stable in water are well suited for this application, but few materials are known which undergo electrochemical anion insertion. Due to charge balance constraints during deionization, a cation removal electrode should be paired with an anion removal electrode in a conventional cell construction. Recent work has overcome this restriction using two cation insertion electrodes separated by an anion exchange membrane (AEM) in a different mode of operation [5] [6] [7] . Although AEM development is an active area of research with recent advances 8 , the performance limitations of AEMs are a significant bottleneck to this approach. Identifying new materials for anion insertion electrochemistry is a necessary first step to enable enhanced desalination efficiency using membrane-free CDI cell designs. Moreover, the study of anion insertion electrode materials is a new frontier which promises to lead to other exciting electrochemical technologies including anion-based batteries or enhanced anion exchange membranes.
To date, silver is the leading material which has been used to enhance anion uptake during CDI. Silver reacts according to Ag + Cl − ↔ AgCl + e − and is used as an electrochemical reference electrode 9 , but has a number of limitations for practical use in CDI, including high cost, limited kinetics for sub-surface conversion 10 , oxidation side-reaction to form silver oxide 11 , and toxicity of nanoparticulate Ag and dissolved Ag + 12 . While AgCl has a comparatively low aqueous solubility of 0.19 mg AgCl/100 g H 2 O, the high solubility of other metal chlorides in www.nature.com/scientificreports www.nature.com/scientificreports/ water bar the use of metal/metal chloride reactions for aqueous anion electrochemistry in general 13 . Redox polymers based on, for example, poly-p-phenylene 14, 15 or quaternary amines such as viologen 16 show promise as anion insertion electrode materials, but have not been studied extensively. Some recent studies have also identified anion insertion in LaMnO 3 17 and BiOCl 18 under applied potential. However, compared with the variety of cation insertion materials [19] [20] [21] [22] , relatively few materials have been identified which incorporate anions under applied potential. Identifying new anion insertion materials will help to fill a void in the materials innovation landscape, particularly in emerging areas of technological importance such as CDI 1 . We contend that layered hydroxides (LHs) may be a promising option for anion insertion electrochemistry considering their use as anion exchange materials 23 , as well as their facile synthesis and modularity of possible chemical composition 24 which allow for tunable (electro) chemical properties. The LH atomic structure consists of alternating layers of (a) positively charged planes of metal centers which are octahedrally coordinated to hydroxyl groups and (b) interplanar anions and water. The metal hydroxide planes in LHs can be comprised of a single metal center (e.g. cobalt hydroxide with root formula Co(OH) 2 , which exists in both α and β phases 25 ), two metal centers, termed layered double hydroxides (LDHs), (e.g. naturally occurring hydrotalcyte which contains positively charged layers of root formula Mg 3 Al(OH) 8 + ), or more than two metal centers (layered poly-hydroxides). Metal centers in the metal hydroxide planes are a blend of divalent (e.g. Mg, Co) and trivalent (e.g. Al, Cr, V, Co) cations. Interplanar anions in the LH structure balance charge with tri-valent metal cations in the metal hydroxide planes and cohere the planes together into nanoplatelet stacks. In this work we explore whether these interplanar anions are able to reversibly intercalate in the LH structure during electrochemical cycling. In addition to anion exchange applications mentioned above, LH nanomaterials have been studied for drug delivery 26 , and have garnered recent interest for their remarkable enhancements to a wide range of electrochemical applications 27 including water electrolysis 28, 29 , photoelectrocatalysis 30, 31 , supercapacitors [32] [33] [34] [35] , and batteries 36, 37 . A limited number of studies have also evaluated calcined LHs in CDI electrodes and observed salt removal 38, 39 . However, the electrochemical mechanisms occurring in LHs are not well understood, and the role of anions in their electrochemical performance has not been established.
We employ advanced in situ characterization during electrochemical operation and ab initio material modeling to probe anion insertion electrochemistry in LH nanoplatelets. The unified electrochemical band-diagram (UEB) framework 40, 41 enables modeling of the thermodynamics of anion insertion and associated structural changes under applied bias despite the lack of a convenient computational anion reference. Furthermore, coupling computational results within the UEB framework with in situ experimental measurements including quartz crystal microbalance (QCM), high energy X-ray diffraction (HE-XRD) coupled to atomic pair distribution function (PDF) analysis and X-ray absorption spectroscopy (XAS) provides compelling evidence of anion insertion electrochemistry in LHs for potential future use in water desalination applications.
Results and Discussion
Identifying LH Compositions with Desired Conduction Band edge energies. In this work, we examine cobalt-containing LHs for anion insertion. The seminal work identifying the LDH structure and synthesis [42] [43] [44] and demonstrating particle size control 45 are based on Mg-Al compositions. While the Mg-Al LDH synthesis is robust and well-studied, we do not expect Mg-Al LDHs to be useful as anion insertion electrodes because Mg and Al do not undergo redox electrochemistry within the potential limits of water stability. Incorporating metal centers into the LH structure which are redox-active within the potential limits for water stability provides a strategy for enabling aqueous anion-insertion electrochemistry. Here, we focus on Co-containing LHs because successful Co-LDH syntheses are known 24, 46, 47 , and Co-containing oxides, (e.g. LiCoO 2 ) have been shown to undergo redox reactions within the potential stability limits of aqueous electrolytes 48 . Using coprecipitation of metal chloride salts in strong basic solution 44 , we synthesize aqueous suspensions of LH nanoparticles (ESI Section A). LHs spontaneously form a nanoplatelet morphology as depicted in Fig. 1a -c. Upon dropcasting, these nanoparticles coalesce into nearly uniform coatings on various flat electrode surfaces 49 . A nanoplatelet morphology was observed for all of the LDH compositions examined in this work. In most cases, nanoplatelets were ~100 nm in diameter and 2-5 nm thick, as demonstrated in annular dark field (ADF) scanning transmission electron microscopy (STEM) micrographs for Co-Al and Mg-Al compositions in Fig. 1b,c , respectively. The Mg-Al STEM micrograph also contains energy dispersive X-ray spectroscopy (EDS) mapping showing uniform blending of Mg and Al. STEM micrographs of the Co LH (Fig. S1 ) and Co-V (Fig. S2 ) with EDS analysis (Fig. S3 ) are provided in ESI Section B. The metal hydroxide layers and particle thickness were observed to be consistent across various LDH compositions, and are particularly clear for the Co-Al LH in Fig. 1b , which depicts a ~5 nm thick particle with a layer separation of ~8 Å.
Using atomic pair distribution function (PDF) analysis of high energy X-ray diffraction (HE-XRD) patterns as depicted in Fig. 1d , we observe an equivalent atomic structure among the Mg-Al, Co-Al, Co-Cr, and Co-V LDHs studied in this work. PDF analysis was performed for Mg-Al (Fig. S4 ) and Co-LHs (Fig. S5) . The PDF calculation steps, including conventional XRD diffractograms with reference peaks are reported in ESI Section C. PDF analysis is useful here due to the nanoscale of the LH platelets and the fine structural detail of interest during in situ measurement of anion insertion (see below). Atomic PDFs provide sub-Ångstrom structural details in terms of real-space atomic distances 50, 51 , and more intuitively showcase the structural features present in the LDH compositions (Mg-Al, Co-Al, Co-Cr, and Co-V). Main atomic pair features at ~2, ~3, and ~8 Å correspond to first-coordination sphere metal-oxygen, metal-metal, and interlayer metal-metal pair distances, respectively, for all LDHs examined. Reverse Monte Carlo (RMC) fits 52 (thin black lines in Fig. 1d ) were performed using starting LH structures determined from ab initio calculations, an example of which is depicted in Fig. 1e . An example RMC-fitted structure is shown in Fig. S4 for the Mg-Al LDH. RMC-fitted PDFs are in close agreement with measured PDFs indicating formation of the LDH structure in all cases. The interlayer metal-metal peak at ~8 Å for the Co-Al LDH in Fig. 1d is also consistent with the interplanar spacing observed by STEM in Fig. 1b . Synthesis of a www.nature.com/scientificreports www.nature.com/scientificreports/ LH using only Co(II) without M 3+ cations resulted in a qualitatively different PDF (top of Fig. 1d ), which was fit using a Co(OH) 2 LH structure without interplanar anions. See the ESI section C and D for computational details regarding RMC fitting and ab initio modeling, respectively.
Initially, we hypothesized that the conduction band edge energy of the LH would determine the potential at which anion insertion occurs in an LH. As a negative bias is applied and increases the fermi energy of the electrode, we expected that electrons would transfer into the LH when the conduction band edge energy is reached, driving reduction of the LH and leading to anion expulsion according to
which could again be driven toward the reactants (anion insertion) under reverse polarization. The theoretical charge storage capacity consistent with this mechanism is dependent on the specific composition and is 88 mAh/g for the Co 2 V(OH) 6 Cl LDH. Based on this mechanistic picture, we computationally evaluated the band edge positions for the LHs synthesized in Fig. 1d (rigid band model) using an idealized 2:1 M 2+ -M 3+ molar ratio LDH structure depicted in Fig. 1e . By calculating the Fermi level energy of the bulk material with respect to an electron in vacuum in this way (Fig. S6) , we determine the absolute band edge positions as presented in Fig. 1f . Our computational results show that composition strongly impacts the electronic properties of the LH structures, which are predicted to have band gaps ranging from 2.8 eV (Co-V) to 6.4 eV (Mg-Al). We also note that even though the composition of experimental LH structures does not match the ideal 2:1 structure, the computed band gaps for the LH structures in Fig. 1f agree (within 0.4 eV) with experimental band gaps reported beneath Fig. 1f . These band gaps were determined using ultraviolet-visible (UV-Vis) spectroscopy and Tauc plot analysis (Fig. S7 ) as described in ESI section E. Of the compositions presented in Fig. 1d , we selected the Co-V and Co LHs for www.nature.com/scientificreports www.nature.com/scientificreports/ further analysis because our ab initio modeling predicted their conduction band edge positions lie at the lowest energies. Projected density of states (PDOS) for Co-V and Co LHs are presented in Fig. 1g ,h, respectively. The conduction band edge of the Co-V LDH is predicted to be V-character, whereas the conduction band edge of the Co LH is predicted to be Co-character. To a first approximation, we expected these LH constituent species to take on electron density at the conduction band edge energies under applied negative bias and drive anion expulsion according to reaction 1.
eQCM observation of electrochemical Anion Insertion. Electrochemical evaluation of the Co-V and
Co LHs yielded a surprising result. While we do observe reversible anion insertion/expulsion electrochemistry in both the Co-V and Co LHs, it initiates as anion insertion under oxidizing (positive) potentials rather than anion expulsion under reducing (negative) potentials as we hypothesized. Presented in Fig. 2a is electrochemical quartz crystal microbalance (EQCM) trace for the Co-only LH. In these EQCM measurements the working electrode is the titanium surface of a quartz resonator, which can be used to measure in situ mass changes and charge transfer simultaneously during electrochemical operation. Here we observe compelling evidence of anion insertion when cycling under positive bias of +0.2 V vs. Ag/AgCl and anion expulsion at −0.4 V vs. Ag/AgCl. For the first three cycles in Fig. 2 , each potential was held for a duration of 120 s, while for the successive three cycles, the potential was held at +0.2 V vs. Ag/AgCl for 480 s, and −0.4 V vs. Ag/AgCl for 240 s. For all six cycles, we observe a monotonic mass gain under positive potential (oxidation) and mass loss under negative potential (reduction). This is qualitatively consistent with anion insertion: under applied positive bias, Cl − is drawn into the Co LH structure as depicted in Fig. 2b , and under applied negative bias Cl − is expelled from the Co LH structure as depicted in Fig. 2c .
The mass of Co LH used in Fig. 2a was 57.8 µg, as calculated from the decrease in resonant frequency of the EQCM crystal after dropcasting and drying the Co LH nanoparticles assuming Sauerbrey behavior for the dropcast Co LH film. During the first three cycles in Fig. 2 , the Co LH was charged to an average of 0.76 mC during reduction and 0.64 mC during oxidation, which correspond to 3.65 mAh/g and 3.09 mAh/g, respectively. During the successive three cycles, the Co LH was charged to an average of 1.12 mC on reduction s and 0.79 mC on oxidation, which correspond to 5.38 mAh/g and 3.8 mAh/g, respectively. The region marked with dashed lines and arrows in Fig. 2 yields a calculated m/z of 32.9 g/mol e − , in close agreement with the value of 34.5 g/mol e − expected for stoichiometric Cl − insertion. The six cycles shown in Fig. 2 yield an average m/z of 30.2 ± 2.8 g/mol e − on the oxidizing sweep, and 23.0 ± 2.6 g/mol e − on the reducing sweep. The lower value on the reducing sweep indicates some irreversibility, which we attribute to delamination of LH sheets as anions are driven out as well as ion-decoupled electron transfer as described elsewhere 53 . This irreversibility is also reflected in the low coulombic efficiency of 85% over the first three cycles, and 70% over the successive three cycles in Fig. 2a .
Despite some irreversibility, this data provides strong support for Cl − insertion in Co LH under oxidizing (positive) potentials. The theoretical charge storage capacity for anion insertion in the Co LH according to
is 209 mAh/g. The Co LH was charged to only a small fraction of the theoretical specific capacity. For the first three cycles shown in Fig. 2 the Co LH was charged to ~3 mAh/g, and for the final three cycles in Fig. 2 the Co LH www.nature.com/scientificreports www.nature.com/scientificreports/ was charged to ~5 mAh/g. We note this is a largely unoptimized material which was dropcast onto EQCM crystals with no binder or conductive additive to isolate and study the electrochemical behavior of the LH nanoplatelets. Future efforts to measure the desalination performance of this material will benefit from ongoing materials design work and electrode formulation improvements.
eQCM study of LHs Under Reducing potentials. To contrast the anion insertion mechanism observed under positive potential conditions in Fig. 2 , here we examined the electrochemical behavior of various LHs under negative potential conditions. Each LH was dropcast onto a glassy carbon electrode (See ESI Section F) and evaluated using cyclic voltammetry (Fig. S8) , followed by galvanostatic measurement (Fig. 3a) . Under applied negative current, the Fermi level in each LH (Fig. 1d,e) increases, corresponding to more negative potentials for the experimental measurements in Fig. 3a . On the reduction steps in Fig. 3a , a current of −300 nA is held for 2 min, corresponding to 36 µC. By the rigid band description in Fig. 1f , electrons are expected to transfer into unoccupied V orbitals (Fig. 1g) in the Co-V structure at a potential of −1.5 V vs Ag/AgCl (Fig. 1f) . While we do observe a plateau in potential for Co-V LH in Fig. 3a , it is at a significantly lower potential of ~−1.0 V vs. Ag/AgCl, at odds with expected conduction band positions based on the rigid band description in Fig. 1f . Additionally, we observe a plateau at a similar potential to the Co-V LDH for the Co-Al LDH and a plateau at a dramatically lower potential for the Co-only LH, neither of which are consistent with the conduction band edge positions based on the rigid band description in Fig. 1f . We attribute the irreversible charge transfer at −1.2 V vs. Ag/AgCl for the bare glassy carbon electrode (GCE), as well as Mg-Al LDH, and Co-Cr LDH measurements to the onset of the hydrogen evolution reaction 9 , which precludes the study of these LHs at more reducing potentials. Upon switching to a positive current at a time t = 2 min in Fig. 3a , the Fermi level decreases, and electrons transfer back out of the Co-V, Co-Al, and Co LH structures, leading to plateaus in potential under positive current as depicted in Fig. 3a . On these oxidation steps, a current of 30 nA was held until the potential reached 0 V vs. Ag/ AgCl. The width of the plateau corresponds to the amount of charge transferred. We observe the widest plateau for the Co LH, corresponding to 13 µC (36% coulombic efficiency), while narrower plateaus, corresponding to 7-8 µC (~20% coulombic efficiency) are observed for the Co-V, and Co-Al LHs.
We again employ EQCM here to understand the electrochemical behavior of these LHs under negative bias. The results from an EQCM measurement on the Co-V LH platelets is depicted in Fig. 3b . The mass of Co-V LDH used in Fig. 3b was 229.5 µg, as calculated from the decrease in resonant frequency of the EQCM crystal after dropcasting and drying the Co-V LDH nanoparticles assuming Sauerbrey behavior for the dropcast film. The larger ΔQ values we observe in Fig. 3b versus Fig. 2a arise in part from the larger mass of dropcast LH nanoparticles in Fig. 3b versus Fig. 2a , and in part because of different electrochemical behavior within the different potential windows. We attribute the overall decrease in mass for the Co-V LDH over the 800 s interval shown in Fig. 3b to the delamination of the LH particles and dissolution of V (vide infra) during operation. We note that electrode stability is of critical importance for long-term water desalination, which is currently being addressed and will be the subject of future publications. For instance, delamination could be mitigated using a laminate electrode with a polymeric binder to immobilize the LH particles. We omitted binder in this work to isolate the electrochemical behavior of the LHs. Future work will explore cycling and desalination performance of these materials using laminate electrodes but is outside the scope of this work.
For anion insertion charge storage, one would expect a mass loss under applied negative bias and a mass gain under applied positive bias. The predominant signal we measure in Fig. 3b is the inverse of this, with a mass gain under applied negative bias (−1.0 V vs. Ag/AgCl), and a mass loss under applied positive bias (−0.5 V vs. Ag/AgCl). This is at odds with anion insertion, and suggests a cation-based mechanism, such as the reversible formation of Co or V vacancies or the insertion of electrolyte cations (e.g. Na + ) into the structure. The m/z over this cation-based region was calculated to be 21 g/mol e − which is in close agreement with sodium insertion (23 g/mol e − ) www.nature.com/scientificreports www.nature.com/scientificreports/ or formation of trivalent cobalt vacancies (20 g/mol e − ). However, this cation-mediated process occurs contemporaneously with a slower process following the initial mass spikes, highlighted with the dashed lines in Fig. 3b , which is consistent with an anion-based mechanism. The unknown contributions of these two processes during the initial few seconds of oxidation prevent conclusive analysis of the cation-based mechanism. However, the steady-state mass-to-charge ratio (m/z) we derive from the slopes highlighted in Fig. 3b is m/z = 17 g/mol e − , which agrees precisely with the mass-to-charge ratio expected for OH − and strongly suggests that OH − , not Cl − , is the species involved in this slower anion-based process.
UeB Modeling to Refine Mechanistic picture of LH electrochemistry. To better understand
this electrochemical behavior, we expand upon the rigid band description in Fig. 1f and employ the UEB construct 40, 41, 54 to model the thermodynamics of charged defects in LH structures under applied bias. (See refs 40, 41, 54 . and ESI Section D for further information.) We emphasize that conventional ΔE rxn calculations versus a metallic reference commonly employed for studying cation insertion 55 are not well-suited to study this system because (a) no convenient electrochemical reference (e.g. bulk metal) is available for Cl − anions, and (b) some of the relevant reactions involve multiple atomic species. The UEB construct provides a means of overcoming these obstacles. Within the UEB construct, an applied bias shifts the Fermi level within the band gap of these LH structures and drives structural perturbations and the formation of charged defects (including multi-species defects) and identifies redox potentials versus an electrochemical reference based on the energy levels of electronic states inside the band gap. Specifically, in UEB defect plots, the formation energy of a given defect, ΔE f , is calculated for various defect charge states while accounting for the applied bias and electrolyte pH as described in the Materials and Methods (ESI Section D). A structural change is predicted to exist when a given defect has a ΔE f < 0, and that defect is expected to give rise to charge transfer when it changes charge state-corresponding to the kinks marked with symbols. Using the UEB computational framework we are able to predict and understand the electrochemical behavior we observe experimentally, as discussed below.
STEM with EDS mapping and ICP-OES analysis (ESI Section A and G, respectively) of the Co-V sample indicate a blend of V-rich Co 3 V(OH) 8 Cl (Co 3 V LDH) and V-deficient Co 3 (OH) 6 Cl. In order to understand the electrochemical behavior of the Co-V LDH in Fig. 3b , we study both V-rich Co 3 V LDH and V-deficient Co 3 (OH) 6 Cl LH within the UEB construct. We note that neither of these structures alone perfectly captures the experimental Co-V LH structure, rather these compositions bound the range of chemical composition observed in the Co-V LH. Combining the modelling results from both reference points allows us to understand the range electrochemistry occurring in the Co-V sample. We examine vacancy, substitution, and interstitial point defects at various charged states within these structures. In ESI Section H we conclude that V-rich LDH domains in the Co-V LH sample are not expected to contribute to the reversible charge storage we observe in Fig. 3a,b -in Fig. S9 , no defects in the Co 3 V LDH are predicted to be thermodynamically favorable and change charge state in the potential range of {0, −1.0} V vs. Ag/AgCl. Based on these calculations, electrochemical insertion of Cl − into the Co 3 V LDH requires a potential >0.4 V vs. Ag/AgCl, and anion expulsion requires a potential <−1.6 V vs. Ag/AgCl. Additionally, V vacancies (v V ) are predicted to be highly favorable (ΔE f < −2 eV), driving the conversion of Co 3 V LDH to Co LH. Considering this, the anion insertion behavior in the Co-V LH sample likely arises from Co LH domains. We examine the UEB construct of Co 3 (OH) 6 Cl as presented in Fig. 4 . Cobalt hydroxide is known to form as either a α-Co(OH) 2 phase with interlayer Cl, or a Cl-free β-Co(OH) 2 phase depending on synthesis conditions 25 . As-synthesized, the atomic pair distances measured in the Co LH are consistent with β-Co(OH) 2 (top of Fig. 1d as discussed above) . However, the V-deficient regions in the Co-V LDH are expected to more closely match α-Co(OH) 2 based on the interlayer spacing for the Co-V sample in Fig. 1d . Furthermore, the Co LH is expected to contain interlayer Cl − upon anion insertion under positive bias. Here, we employ Co 3 (OH) 6 Cl as a model system to enable convenient modeling of chloride insertion and expulsion in cobalt hydroxide. We note that the structure we use for this modeling nominally contains a mixture of both Co(II) and Co(III) and describes a partially oxidized Co(OH) 2 structure with 1/3 Co(III) centers and stoichiometric balance of Cl − . The predicted electrochemistry of the Co 3 (OH) 6 Cl using the UEB construct is in line with our experimental observations for both the Co-V and Co LHs. First, UEB calculations on Co 3 (OH) 6 Cl provide an explanation for the cation-mediated mechanism we observe for the Co-V sample in Fig. 3c . Under reducing current, at −1 V vs. Ag/AgCl, protons on Co vacancies (H Co ) are predicted to exchange for V on Co vacancies (V Co ), giving rise to charge transfer and cation uptake. In other words, V ions which have dissolved from the Co-V sample will reinsert into Co vacancies under applied negative bias. When the current is reversed to oxidizing conditions, the V is predicted to go back into solution and be replaced by a proton. We note that V is not a significant species in CDI feed waters-V-insertion in Co LH was studied here solely to help understand the behavior of the Co-V LH. Considering how rapidly the cation insertion processes proceed in Fig. 3b , the Co vacancies responsible for the V-insertion mechanism may reside at the edges of LH platelets. High-rate V-insertion may also occur in smaller nanoplatelets, or arise from some other mechanism which allows for rapid V uptake. This proposed V insertion mechanism may be useful in some applications but is undesirable for CDI anion insertion electrodes. As such, the Co LH is more appealing for use as a CDI electrode.
Secondly, UEB calculations on Co 3 (OH) 6 Cl predict expulsion of Cl − from the host structure (i.e. formation of Cl − vacancies) at a potential more negative than −0.7 V vs. Ag/AgCl. This may contribute to anionic charge storage. However, considering the measured m/z of 17 g/mol e − in Fig. 3b , OH − is expected to be the dominant species responsible for the anion mechanism at these more negative potentials. We note that that at a pH of 10, the cobalt Pourbaix diagram predicts that potentials more negative than −0.6 V vs. Ag/AgCl will drive the reduction of Co(OH) 2 to form metallic Co 56, 57 , depicted by the vertical red dashed line in Fig. 4 . This process is likely responsible for the anion mechanism measured under negative potentials in Fig. 3b and is consistent with the plateau observed for the Co LH measured in Fig. 3a . Extensive structural reorganization necessary to convert Co(OH) 2 to metallic Co is expected to limit the rate of this process, in line with the slow rate of the www.nature.com/scientificreports www.nature.com/scientificreports/ anion-mediated process in Fig. 3b . We note that the UEB calculations we perform do not capture the conversion of Co(OH) 2 to Co because we limited our modeling to incremental structural changes and did not evaluate complete structural reorganizations.
Although our calculations indicate that reversible anion insertion/expulsion does not occur in the Co LH under applied negative bias, the UEB model predicts that Cl − insertion is expected to proceed in Co LH under positive bias as we observe in Fig. 2 . Examining the chloride vacancy (v Cl ) trace in Fig. 4 , the formation energy is greater than zero at potentials more positive than −0.8 V vs. Ag/AgCl. This suggests Cl − will insert into interplanar v Cl sites in this potential region. However, the corresponding electron transfer (kink in trace marked by a symbol) is not predicted to occur until potentials >0.1 V vs. Ag/AgCl. Without electron transfer to balance charge with the inserting Cl − anions, Coulombic repulsion is expected to limit the extent of Cl − insertion into v Cl sites. Once a potential >0.1 vs. Ag/AgCl is applied, electron transfer will proceed, driving additional Cl − into interplanar v Cl sites. This separation in the electrochemical potentials at which ion transfer and electron transfer occur has been observed in manganese oxide electrodes 40, 41, 53, 54 and is consistent with the irreversibility of this electrochemical mechanism, for example, requiring a 0.6 V window in Fig. 2 to undergo reversible anion insertion.
Various studies have identified an OH -mediated electrochemical mechanism in Co(OH) 2 under strong basic conditions 32, [58] [59] [60] [61] . Ex situ Fourier transform infrared spectroscopy (FTIR) after holding at various electrochemical potentials identified that under strong basic conditions (pH ~13) a phase change from cobalt hydroxide (Co(OH) 2 ) to cobalt oxyhydroxide (CoOOH) occurs at oxidizing potentials >−0.1 V vs. Ag/AgCl, which was expressed in this prior work as
The formation of cobalt oxyhydroxide 61 consistent with these observations can also be expressed as the superposition of two reactions:
and
Reactions 4 and 5 are predicted in cobalt Pourbaix diagrams to proceed simultaneously to form Co(OH) 3 / Co 3 O 4 at potentials >−0.1 V vs. Ag/AgCl at a pH of 13 56, 57 . This is the same potential at which reaction 3 is reported to proceed, and these reactions point generally to a transition from Co(II) to Co(III) at oxidizing potentials >−0.1 V vs. Ag/AgCl at a pH of 13. At the pH of 10 used in our work, this equilibrium potential is shifted to +0.1 V vs. Ag/AgCl. We indicate this equilibrium potential with a vertical purple dashed line in Fig. 4 labeled as Co(II)/Co(III). www.nature.com/scientificreports www.nature.com/scientificreports/ The anion insertion mechanism described using the UEB construct in Fig. 4 provides additional insight into the electrochemical oxidation of Co(OH) 2 to convert Co(II) to Co(III). Prior studies of Co(OH) 2 electrochemistry have focused on strong basic environments, which have an excess of OH − . Our experimental measurements here are performed at a more neutral pH of ~10 in an excess of Cl − (or Br − ). The computational results in Fig. 4 suggest a new mechanism where Cl − inserts into the interplanar space of the Co LH at an equivalent oxidizing potential to reactions 1-3. This mechanism can be expressed generally as − measured using EQCM in Fig. 2 . The value lower than 34.5 may indicate that the OH − anion is also contributing to these electrochemical processes. High energy X-ray diffraction data further corroborates that anions insert into the interplanar space, as described in the following section.
In Situ Measurements to Confirm Mechanistic Understanding. Based on the UEB modeling in Fig. 4 and the supporting literature described above, we expect that anion insertion will occur in the Co LH as Co(II) converts to Co(III) under applied positive bias >0.1 V vs. Ag/AgCl. This mechanism is also expected to manifest in Co LH domains of the Co-V LH. To evaluate this, we examine in situ EQCM, HE-XRD, and XAS data for LH platelets cycled in potential loops of {−0.9 V, −0.2 V, +0.2 V, −0.2 V}. We first examine the EQCM data in Fig. 5a . We attribute the overall decrease in mass of the Co-V LDH to delamination of LH platelets as well as the favorable dissolution of V as predicted from UEB modeling. We again note that the Co LH is more appealing for CDI electrodes and a polymeric binder could be used to mitigate delamination. The potential-dependent mass changes for both the Co-V and Co LH samples in Fig. 5a are consistent with anion insertion. We observe a mass gain under positive bias (+0.2 V) highlighted with blue arrows as anions are drawn into the interplanar space of the LHs, and a mass loss under reverse bias as anions leave the LHs. The similarity in results for the Co-V and Co LH samples in Fig. 5a supports the prediction that anion insertion takes place in Co LH domains of the Co-V LH sample. These results are also consistent with the EQCM results for the Co LH presented in Fig. 2a .
We also performed in situ HE-XRD measurements using a custom electrochemical cell 62 to elucidate the structural changes during electrochemical cycling. Depicted in Fig. 5b are PDFs calculated from in situ HE-XRD data during electrochemical operation. In these traces, we observe a peak at a pair distance of r = 4.2 Å which corresponds to the distance between interplanar anions and metal ions in the hydroxide sheets. Twice this distance corresponds to the interplanar spacing, here 8.4 Å. This is larger than the interplanar distance of ~8 Å observed in Fig. 1d . We attribute the increase in interplanar distance here to the use of the Br − anion for in situ measurements to enhance diffraction from a heavier interplanar anion. The diameter of Br − is 3.92 Å, while the diameter of Cl − is 3.62 Å 13 . We interpret an increase in G(r) intensity at r ≈ 4.2 Å in Fig. 5b ,c as an increase in the number of interplanar anions. In www.nature.com/scientificreports www.nature.com/scientificreports/ structure under negative bias. These HE-XRD results are consistent with the EQCM results presented above and suggest that reaction 2 is occurring in the Co LH.
While EQCM and PDF analysis provide strong support of electrochemical anion insertion in Co LH domains of the Co-V LDH sample, extended X-ray absorption fine structure (EXAFS) measurements on the Co-V LDH over longer timescales suggests a competing Co dissolution mechanism. See supporting information for details on EXAFS experimentation. The results of steady-state EXAFS measurements are depicted in Fig. 6 , which indicate that the Co-Co/V nearest neighbor distance increases from 3.12 Å to 3.15 Å, and the Co-O nearest neighbor distances increase from 2.08 Å to 2.11 Å when switching from −0.2 V to +0.2 V vs. Ag/AgCl. While ab initio modeling predicts minimal changes in the Co-Co and Co-O distances due to Cl − insertion, these structural changes are in line with the formation of v Co at this potential. Ab initio calculations for the formation of Co vacancies near V dopants (modeled in the Co 3 V(OH) 8 Cl structure) predict these defects to occur at potentials > +0.2 V vs. Ag/AgCl in Fig. 3d , leading to an increase the average Co-Co distance from 3.01 Å in the perfect structure to 3.14 Å in a charged v Co structure, and an increase in the average Co-O distance from 2.06 Å in the perfect structure to 2.09 Å in a charged v Co structure. However, we do not observe indicators for this mechanism in EQCM or PDF measurements. The formation of v Co likely proceeds at too slow of a rate to be observed during relatively fast EQCM and PDF measurements (minutes timescale), but allowing for observation at the timescale of our EXAFS measurement (hours timescale).
We also note that we do not observe changes in Co oxidation state in the X-ray absorption near-edge spectrum (XANES) at various applied biases (Fig. S10) . The Co K-edge amplitude (Fig. S11) and Co K-edge real space fitting results (Fig. S12 ) are also provided in ESI Section I. While a change in the charge state of Co ions is not requisite during charging of the Co LH for anion insertion 63 , a charge state change is expected for the formation of metallic Co under applied negative bias (−0.2 V), as described above. The absence of zero-valent Co in the XANES data under negative bias may suggest that the thermodynamic description laid out in the Co Pourbaix diagram does not fully capture the processes occurring under negative bias, or that only a small fraction of metallic Co forms during EXAFS measurements. More importantly, these findings suggest that additional work is needed to further understand the electrochemical processes in these promising materials.
Conclusions
In this work, we combine ab initio modeling and in situ experimental studies to identify a previously undescribed mechanism of electrochemical anion insertion in layered cobalt hydroxides. We establish the electrochemical mechanisms occurring in Co and Co-V LH in aqueous electrolyte under both negative and positive applied bias. Under applied negative bias, we identify mechanisms for cation exchange (e.g. V insertion on Co site) and phase change (i.e. OH − removal to form metallic Co). Under positive bias, we observe electrochemical anion insertion-anions are drawn into the interplanar spaces of the LHs under positive bias and driven out under reverse bias. We also observe evidence of slow dissolution of Co under positive bias, and of delamination during electrochemical cycling. Our data suggests that Co LH enables anion insertion electrochemistry within the potential limits of water stability, while larger potentials are needed for anion insertion in other Co-containing LHs (e.g. Co 3 V LDH). With further refinement to prevent dissolution and delamination, enhance ion insertion rates, and improve stability, LHs based on this work could be designed to be paired with a cation insertion electrode material and used for energy efficient electrochemical desalination.
The mechanistic understanding of layered hydroxide electrochemistry we establish here also has implications in a range of other fields. While LH nanoplatelets have been studied for battery 36, 37 and supercapacitor [32] [33] [34] [35] applications, the observed charge storage has been attributed to mechanisms of OH − reaction at metal centers (i.e. M(OH) 2 /MOOH) 32, 61 and/or cation insertion 36 . The anion-insertion electrochemical mechanism we describe here has not been realized, and will impact system design for energy storage devices using LHs. Conventional (e.g. lithium ion) battery designs rely on cation insertion, and if the anion insertion mechanism we identify proves to be active in other LHs, this will present a range of opportunities for developing novel battery and Figure 6 . EXAFS of Co-V LH under oxidizing potentials. Changes in (a) Co-O distance and (b) Co-Co distance from in situ XAS measurements during potentiostatic electrochemical operation. The bond-length changes we observe are consistent with the formation of charged v Co sites in the Co 3 (OH) 6 Cl structure.
